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ABSTRACT 
The c l e a n u p  of ground-water  r e s o u r c e s  which  h a v e  been c o n t a m i n a t e d  
by a n t h r o p o g e n i c  o r g a n i c  compounds is d i f f i c u l t  and e x p e n s i v e .  
F u r t h e r m o r e ,  most t r e a t m e n t  methods  m e r e l y  t r a n s f e r  t h e  c o n t a m i n a n t  t o  
a n o t h e r  p h a s e ,  s u c h  a s  a n  a d s o r b a n t  o r  t h e  a t m o s p h e r e .  A t r e a t m e n t  
p r o c e s s  which p r o d u c e s  h a r m l e s s  b y - p r o d u c t s ,  c o u l d  be  s e t  up o n - s i t e ,  and  
d o e s  n o t  r e q u i r e  t h e  t r a n s p o r t  o f  h a z a r d o u s  m a t e r i a l s  is v e r y  d e s i r a b l e  
f o r  s u c h  c l e a n u p  o p e r a t i o n s .  P h o t o l y t i c  o z o n a t i o n ,  t h e  c o m b i n a t i o n  o f  
ozone  t r e a t m e n t  and u l t r a v i o l e t  i r r a d i a t i o n ,  is a n  o x i d a t i v e  w a t e r  t r e a t -  
ment p r o c e s s  which is c a p a b l e  o f  c o n v e r t  i n g  v i r t u a l l y  a n y  o r g a n i c  p o l l u -  
t a n t  c o m p l e t e l y  t o  c a r b o n  d i o x i d e  and w a t e r .  Thus ,  i t  i s  p o t e n t i a l l y  a  
v e r y  I1c leann  s o l u t i o n  t o  many c o n t a m i n a t i o n  p rob lems .  T h e r e  h a s ,  however ,  
been  d i s a g r e e m e n t  i n  t h e  s c i e n t i f i c  l i t e r a t u r e  c o n c e r n i n g  t h e  e f f e c t i v e -  
n e s s  o f  t h e  p r o c e s s ,  due  l a r g e l y  t o  a  l a c k  o f  u n d e r s t a n d i n g  o f  t h e  
c h e m i s t r y  which  is i n v o l v e d .  
I n  t h i s  p r o j e c t ,  p h o t o l y t i c  o z o n a t i o n  was s t u d i e d  a t  t h e  l a b o r a t o r y  
s c a l e ,  t o  b e t t e r  u n d e r s t a n d  a n d ,  i f  p o s s i b l e ,  model t h e  complex c h e m i c a l  
r e a c t i o n  mechanism, s o  t h a t  t h e  p r o c e s s  c a n  be  more e a s i l y  o p t i m i z e d  from 
a n  economic  s t a n d p o i n t .  I t  was shown t h a t  h y d r o x y l  r a d i c a l ,  t h e  a c t i v e  
s p e c i e s  r e s p o n s i b l e  f o r  t h e  d e s t r u c t i o n  o f  o r g a n i c  p o l l u t a n t s ,  is n o t  
g e n e r a t e d  d i r e c t l y  by ozone  p h o t o l y s i s  a s  h a s  g e n e r a l l y  been  s p e c u l a t e d ,  
b u t  is p roduced  by s e c o n d a r y  r e a c t i o n s .  
A model h a s  been  d e v e l o p e d  wh ich  e x p l a i n s  t h e  b e h a v i o r  o f  t h e  
p r o c e s s  unde r  a  v a r i e t y  o f  c o n d i t i o n s  and  is u s e f u l  f o r  t h e  p r e d i c t i o n  o f  
p r o c e s s  pe r fo rmance .  The model i n c l u d e s  p a r a m e t e r s ,  t h e  v a l u e s  o f  which 
may b e  i n f e r r e d  f rom t h e  c h e m i c a l  s t r u c t u r e  o f  t h e  o r g a n i c  p o l l u t a n t .  The 
r e a c t i o n  s y s t e m  is s e e n  t o  be t l v e r s a t i l e l l  i n  t h a t  i t  h a s  a l t e r n a t e  
pa thways  by which  p o l l u t a n t  d e s t r u c t i o n  may p r o c e e d ,  d e p e n d i n g  o n  c o n d i -  
t i o n s  i n  t h e  w a t e r  b e i n g  t r e a t e d .  
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The cleanup of ground-water resources which have been contaminated 
by anthropogenic organic compounds is d i f f i c u l t  and expensive. 
Furthermore, most treatment methods merely t rans fe r  the contaminant t o  
another phase, such as  an adsorbent or the atmosphere. A treatment 
process which produces harmless by-products, could be s e t  up on-s i te ,  and 
does not require  the t ranspor t  of hazardous materials  is very desi rable  
for  such cleanup operations. A process known as photolytic ozonation 
( 1  - 4 )  provides "absolute" treatment fo r  organics in water, having the 
power t o  oxidize organic compounds completely t o  carbon dioxide and water 
while "mineralizing" organic chlorine t o  chloride,  organic su l fu r  t o  
s u l f a t e ,  e t c .  Although the power of photolytic ozonation has been known 
for  some time (5-6) ,  the chemical d e t a i l s  of t h i s  process have not been 
well understood, so tha t  the empirical appl icat ion of the process has i n  
some cases led t o  disappointing or conf l i c t ing  r e s u l t s  between invest i -  
gators.  
The research which was needed i n  t h i s  area  consisted of two par t s :  
( 1 )  the fundamental mechanistic study of photolytic ozonation i n  order to 
understand and control  reaction conditions for optimum treatment 
e f f i c iency ,  and ( 2 )  su i tab le  modeling of the mass transfer/chemical 
reaction/photochemical reaction interplay i n  order t o  provide design 
c r i t e r i a  fo r  actual  treatment i n s t a l l a t i ons .  T h i s  information obtained in 
t h i s  study w i l l  a id  chemists and engineers i n  estimating the eff icacy of 
treatment of a  given water from i ts  composition, by  knowing how the con- 
s t i t u e n t  solutes  in te rac t  w i t h  the treatment chemistry. It  a l so  provides 
design c r i t e r i a  for  application of photolytic ozonation i n  f i e l d  t r i a l s  
for on-si te aquifer r ehab i l i t a t i on ,  leachate treatment, and so l i d  waste or 
excavation ex t rac t  des t ruct  ion. The ult imate benefactor is of course the 
public,  through the increased a b i l i t y  t o  protect  and reclaim our water 
resources. 
NATURE,  SCOPE, A N D  OBJECTIVES OF THE RESEARCH 
P h o t o l y t i c  ozonat ion is a  process  i n ,  which ozone is  passed through 
water which is being i r r a d i a t e d  with u l t r a v i o l e t  ( U V )  l i g h t .  The U V  l i g h t  
causes pho to lys i s  of the d isso lved  ozone t o  y i e l d  s p e c i e s  which a r e  much 
more r e a c t i v e  than ozone i t s e l f .  Among t h e s e  f r e e  r a d i c a l  s p e c i e s  is 
hydroxyl r a d i c a l ,  -OH, which is capable of a b s t r a c t i n g  a  hydrogen atom 
from v i r t u a l l y  any carbon-hydrogen bond, thus i n i t i a t i n g  the s tepwise 
d e s t r u c t i o n  of o therwise  q u i t e  r e f r a c t o r y  organic  compounds. The chemical 
processes  which fol low ozone pho to lys i s  a r e  q u i t e  complex, involving 
between twenty and t h i r t y  chemical r e a c t i o n s  between oxygen and hydrogen 
s p e c i e s  a lone  ( 4  ). 
Pho to ly t i c  ozonat ion is in  many ways more s u i t a b l e  f o r  t reatment  of 
contaminated water than is i n c i n e r a t i o n .  I t  is e a s i e r  t o  c o n t r o l  and 
monitor,  and t h e r e f o r e  p o t e n t i a l l y  more complete in t he  d e s t r u c t i o n  of 
organic  compounds. The methods a r e  e a s i l y  adapt ab l e  t o  on-si  t e  t reatment  
i n  mobile u n i t s ,  and t h e  nonphoto ly t ic  v a r i a n t  (ozone/hydrogen peroxide)  
may f i n d  l i m i t e d  a p p l i c a t i o n  t o  i n  s i t u  aqu i f e r  reclamation.  Other than 
perhaps oxygen, no r eagen t s  must be t r anspor t ed  t o  the  s i t e ,  while the 
u l t ima te  by-products a r e  carbon dioxide and water.  
In  t h i s  p r o j e c t  a  l abo ra to ry  s tudy  of t he  chemical r e a c t i o n  
mechanism was performed using a  l abo ra to ry  s c a l e  cont inual ly-sparged 
s t i r r e d  tank photochemical r e a c t o r  (CSTPR). Both the  r e a c t i o n  cond i t i ons  
and the  model subs tance  being destroyed were va r i ed  in  order  t o  s tudy t h e  
e f f e c t  of process  parameters on the  e f f i c i e n c y  of the  t rea tment  process .  
The dynamics of t h e  r e a c t i o n  (mass t r a n s f e r  with chemical and photochemi- 
c a l  r e a c t i o n )  was a l s o  s t u d i e d  a t  the  l abo ra to ry  s c a l e  using the  CSTPR. 
The o b j e c t i v e s  of t he  proposed r e sea rch  were: 
1 )  To ob ta in  a  b e t t e r  understanding,  a t  the 
mechanist ic  l e v e l ,  of pho to ly t i c  ozonat ion a s  
appl ied  t o  the  d e s t r u c t  ion of organic  pol lu-  
t a n t s  in  ground water ;  
2 )  To i n v e s t i g a t e  and model the i n t e r a c t i o n  
between mass t r a n s f e r ,  chemical r e a c t i o n  and 
photochemical r e a c t i o n  which occurs  i n  t h i s  
system, a s  a  func t ion  of ozone dose r a t e ,  U V  
i n t e n s i t y ,  s o l u t i o n  composition, and r e a c t o r  
con f igu ra t ion .  
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( 4 , 1 6 , 1 7  ) p r o v i d e d  k i n e t i c  e v i d e n c e  t h a t  o z o n e  p h o t o l y s i s  a t  2537; i n  
a q u e o u s  s o l u t i o n  y i e l d s  p e r o x i d e  ( e q .  1 ) ,  f o l l o w e d  by r e a c t i o n  o f  t h e  
c o n j u g a t e  b a s e ,  h y d r o p e r o x y  a n i o n  (H02-) , w i t h  o z o n e  t o  y i e l d  s u p e r o x i d e l  
a n d  h y d r o x y l  r a d i c a l  ( e q .  3 ) .  T h i s  i n i t i a t i o n  s e q u e n c e  w i l l  b e  c a l l e d  
Scheme I .  S u p e r o x i d e ,  i n  t u r n ,  r e a c t s  w i t h  o z o n e  t o  y i e l d  h y d r o x y l  
r a d i c a l  ( e q .  4 ) .  A s  w i l l  b e  s e e n  i n  a  l a t e r  s e c t i o n ,  t h i s  l l r e a c t i o n l l  is 
a c t u a l l y  a m u l t i - s t e p  p r o c e s s  i n v o l v i n g  t h e  p r o d u c t i o n  a n d  p r o t o n a t i o n  o f  
o z o n i d e  i o n  f o l l o w e d  by d e c a y  o f  HO3. I n  t h e  a b s e n c e  o f  o r g a n i c  com- 
p o u n d s ,  e q u a t i o n s  3 a n d  4  p l u s  e q u a t i o n  5 ,  s i m p l y  r e p r e s e n t  t h e  c h a i n  
p h o t o d e c o m p o s i t i o n  o f  o z o n e  w i t h  i n i t i a t i o n  s t e p s  1  a n d  2 .  
When n o  o r g a n i c  compounds are  p r e s e n t  t o  s c a v e n g e  h y d r o x y l  r a d i c a l ,  t h i s  
r e a c t i o n  p r o c e e d s  w i t h  v e r y  h i g h  quan tum y i e l d .  However ,  i n  t h e  p r e s e n c e  
o f  e x c e s s  (21  0-4 M )  o r g a n i c  compound c o n t a i n i n g  a n  a b s t r a c t a b l e  h y d r o g e n  
a t o m ,  
w h i c h  o c c u r s  a t  d i f f u s i o n  c o n t r o l l e d  r a t e s  f o r  many o r g a n i c  compounds 
( 1 8 ) .  T h i s  is f o l l o w e d  by r e a c t i o n  b e t w e e n  R *  a n d  d i o x y g e n  t o  g i v e  
o r g a n i c  p e r o x y  r a d i c a l s  
--------------- 
l ~ o r  s i m p l i c i t y ,  t h e  H 0 2 * / * 0 2 -  c o n j u g a t e  p a i r  h a s  b e e n  r e p r e s e n t e d  a s  402-, 
a s  when pH IpKa.  
which can photolyze,  d i sp ropor t iona te  t o  more st a b l e  molecules, o r  regen- 
e r a t e  f u r t h e r  superoxide,  which r e e n t e r s  t h e  system by r e a c t i o n  with ozone 
v i a  equat ion 4 .  Repet i t ion  of the  above process  l e a d s  u l t ima te ly  t o  com- 
p l e t e  organic  compound des t ruc t ion .  Cons idera t ion  of t h e  above model of 
t h e  r e a c t i o n  system i n d i c a t e s  how vary ing  the  r e a c t i o n  cond i t i ons  (ozone 
dose r a t e ,  U V  i n t e n s i t y ,  s u b s t r a t e  concen t r a t ion )  can g r e a t l y  a f f e c t  t he  
e f f i c i e n c y  of  the  process ,  p a r t i c u l a r l y  i n  systems where the re  is a  com- 
pe t ing  r e a c t i o n  between ozone and organic  compound. The complexity of 
t h i s  mechanist ic  pathway is thus c o n s i s t e n t  with the  varying r e s u l t s  which 
have been r epor t ed  in  t h e  l i t e r a t u r e .  This  pro to type  mechanism has been 
r epor t ed  previous ly  ( 1  6,17 ) and is  presented  diagrammatical ly  i n  Figure 1 .  
An a l t e r n a t i v e  pathway (Scheme I1 ) begins with an i n i t i a t i o n  s t e p  
which is analogous t o  t h a t  found in  t he  gas phase in  the  presence of 
water ,  where ozone pho to lys i s  a t  25371 produces 0 ( l D )  (eq.  8 ) ,  which 
r e a c t s  immediately with water t o  produce two hydroxyl r a d i c a l s  ( e q .  9 ). 
In  the  gas phase, 'Iimmediatelyl1 means within the  f i r s t  few c o l l i s i o n s ,  
while  i n  t he  condensed phase the  s o l v a t i o n  sphere  is water ,  and 0 ( lD)  i f  
i t  occu r s ,  probably r e a c t s  by i n s e r t  ion i n t o  t h e  0-H bond. Reactions 4 
and 5  fol low,  again comnleting t h e  chain system. This  is the  mechanism 
which has been most f r equen t ly  specu la t ed  in  t he  l i t e r a t u r e ,  probably 
because t h e s e  gas-phase r e a c t i o n s  have been known f o r  some time in  t he  
atmospheric  chemistry l i t e r a t u r e .  
Seve ra l  important d i f f e r ences  can be seen between Schemes I and I1 
which could g r e a t l y  a f f e c t  the  engineer ing  of a c t u a l  t rea tment  systems. 
The a c t i v e  spec i e  pr imar i ly  r e spons ib l e  f o r  organic  compound d e s t r u c t i o n  
is in both cases  hydroxyl r a d i c a l .  In Scheme I hydroxyl r a d i c a l  is  pro- 
duced by secondary r e a c t i o n s  involving f u r t h e r  r e a c t i o n s  wi th  ozone, while 
i n  Scheme I1 i t  is produced e s s e n t i a l l y  by t h e  pho to lys i s  s t e p .  Therefore,  
in Scheme I t toverphoto lys is t t  of the ozone, i . e .  photo lys i s  of t o o  g r e a t  a  
f r a c t i o n  of t h e  ozone may not leave  enough ozone f o r  t he  maximum poss ib l e  
occurrence of secondary hydroxyl-produc ing r e a c t  ions ,  while I t  underphotoly- 
sistt may not  u t i l i z e  t he  ozone completely f o r  hydroxyl r a d i c a l  production. 
On t h e  o the r  hand, the  maxi~num * O H  y i e l d  in Scherne 11 is r e a l i z e d  when a l l  
the  ozone is photolyzed, r e q u i r i n g  cons iderably  more U V  input ,  s ince  
absorbance decreases  with decreasing concen t r a t ion .  
I f  scheme I is the  c o r r e c t  mechanism, i t  can be seen t h a t  the same 
e f f e c t  should be ob ta inab le  by the  use of ozone in  combination with hydro- 
gen peroxide.  However, the  ozone/peroxide system has shortcomings. The 
amount of peroxide must be c a r e f u l l y  matched t o  t he  ozone dose o r  under- 
u t i l i z a t i o n  of one reagent  w i l l  r e s u l t .  I f  a  l a r g e  excess  of peroxide is 
used, i t  can a c t u a l l y  compete with s u b s t r a t e  f o r  hydroxyl r a d i c a l .  
Nonetheless,  t h e r e  a r e  t rea tment  s i t u a t i o n s ,  such a s  high U V  absorbance by 
t h e  waste s t ream in which 03/H202 might be p r e f e r a b l e  t o  03/UV. In any 
case ,  i t  is  important t o  demonstrate t he  equivalence o r  non-equivalence of 
these  two r e a c t i o n  systems. 
Considerat ion of the  r a t e  cons t an t s  in the  ozone/UV system shows 
t h a t  f o r  Scheme I the re  should be a  wide range of U V  i n t e n s i t i e s  f o r  which 
the  secondary r e a c t i o n  r a t e s  a r e  f a s t  enough t o  u s e l f - r e g u l a t e t t  t h e  
s to ich iometry  of the  system. That i s ,  a  wide range of U V  i n t e n s i t i e s  can 
be t o l e r a t e d  before  l toverphoto lys is t t  occurs .  
Severa l  f e a t u r e s  of the previous s t u d i e s  ( 4  , I  6,17 ) prevent  def i n i -  
t i v e  mechanist ic  conclusions from being drawn: 
1 ) There was no d a t a  c o l l e c t e d  f o r  ozone content  in  
t h e  off-gas during the  labora tory  s tudy .  Ozone 
mass balance da t a  is  e s s e n t i a l  t o  the  arguments 
r equ i r ed  t o  d i s t i n g u i s h  between mechanisms. 
2 )  Because of t he  scope of the  EPA-sponsored p r o j e c t  
( 4 ) ,  the  s u b s t r a t e  i n  t he  p i l o t  s tudy was t h e  t r i -  
halomethane format ion p o t e n t i a l  of t he  n a t u r a l  
humic ma te r i a l  p resent  in  the  r i v e r  water used. 
Since THMFP is  a  property of t he  humic macromole- 
c u l e s  r a t h e r  than a  spec i e  i t s e l f ,  no q u a n t i t a t i v e  
s t o i c h i o m e t r i c  conclusions can be drawn concerning 
organic  removal. 
'suoTqenqTs quawqeadq JaqeM Tenqae oq SS~~OJ~ ayq jo 
uorqea~~dde ayq UT Tnjasn aq TTrM ya~y~ pado~ahap uaaq sey ~ooq ahrqarpa~d 
e pue 'paqepranya uaaq sey uorqeuozo ayqL~oqoyd jo wsyueyaaw ayq sarpnqs 
asayq ySno~y~ 'sarpnqs S~OTA~J~ u~ paw~oj~ad uaaq pey ueyq sysL~eue 
arqs?uPyaaw pue arqaury ah?suaya~dwoa aJow e pue '~o~quoa ~equawr~adxa 
pue L~qsrwaya TearqLTeue y8no~oyq aJow 'suorqypuoa ~equawy~adxa jo qas 
OL 'apew aq pTnO3 a3ueINJojJad SS~~OJ~ pue uoyqe~n8yjuoa wnwyqdo JOj 
~~0Tq3rpaJd Tnjasn qeyq os sarweuLp pue wslueyaaw uoTqaeaJ ayq jo Buypueqs 
-Japun Jaqqaq e u~e9 oq se~ qaaCo~d quasa~d ayq jo TeoB TTeJaho ayL 
-Lpnqs ayqsyueyaaw y8no~oyq e apnTauy qou prp 
qaaCo~d ~~JOSUO~S-V~~ ayq j0 adoas ayq 'TeJauaB UI (h 
'J~MO~ AnUO LauaT3rjja SS~DOJ~ 
jo aauapuadap ayq auymJaqap oq a~qrssod qou SEM q? 





The r e a c t o r  was a  Continuously-sparged S t i r r e d  Tank Photochemical 
Reactor (CSTPR), with s tandard  r e l a t i v e  dimensions (19 ,20 )  and four  quar tz  
lamp we l l s  mounted in  t he  quadrants  c r ea t ed  by t h e  b a f f l e s  ( 2 0 ) .  The 
r e a c t o r  body (10.65 L t o t a l  volume, 8 .5  L l i q u i d  volume) was made from a 
p i ece  of Corning ~ ~ r e x ( ~ )  process  p ipe ,  1211 t a l l ,  with a  nominal i . d .  of 
9". The r e a c t o r  heads were machined from 1 /211 t h i c k  s h e e t  ~ e f l o n ( ~ ) ,  a s  
were t h e  b a f f l e s ,  spa rge r ,  s ix-b lade  impe l l e r ,  and o - r ing  g lands  t o  secure 
the  lamp wel l s .  The s t i r r i n g  gland was g l a s s  (Cole-Parmer, Chicago, I L )  
with a  PTFE-coated Viton o - r ing  s e a l ,  and g l a s s  s h a f t .  The impel ler  was 
pinned through a  hole  bored in  t he  g l a s s  s h a f t ,  using a  PTFE pin.  The 
s t i r r i n g  motor was a  1 / 8  hp,  v a r i a b l e  speed DC motor with SCR c o n t r o l l e r  
( W .  W. Grainger ,  Decatur,  I L ) ,  the speed of which was s e t  using a  photo- 
tachometer.  Gas f i t t i n g s  and l i q u i d  sample va lve  were PTFE a s  was a l l  
connect ing tubing.  A l l  wetted su r f aces  were e i t h e r  PTFE o r  g l a s s .  
Ozone was generated from dry oxygen us ing  a  Grace model LC-2-L2 
ozone genera tor .  I n l e t  and o f f  gas  flows were r egu la t ed  t o  within 0.1% 
f u l l  s c a l e  ( u s u a l l y  1 %  of the  measured va lue )  by two UFC-1000 mass flow 
c o n t r o l l e r s  a t t ached  t o  a  URS-100 power supply and d i g i t a l  readout  (Unit  
Ins t ruments ,  Inc . ,  Orange, C A I .  This  system can respond quickly t o  a  
r e a c t o r  pressure  change (such  a s  t h a t  caused by switching t h e  ozone moni- 
t o r  from feed  gas t o  o f f  g a s ) ,  r e s t o r i n g  t h e  flow r a t e  t o  within &2% of 
the s e t  po in t  i n  a  per iod of 2-4 seconds. Ozone concent ra t ion  was 
followed by a  P C 1  h igh-concent ra t ion  (model H C )  ozone monitor which gave 
d i g i t a l  readout  a s  wel l  a s  providing an  analog s i g n a l  t o  a  s t r i p - c h a r t  
recorder  f o r  l a t e r  c a l c u l a t i o n  of ozone doses.  Factory c a l i b r a t i o n  of 
t h i s  monitor was checked by wet chemical methods fo r  ozone analys is  
(described below) by bubbling ozone i n to  the CSTPR and withdrawing samples 
as  a  function of time. 
The reactor and manifold system used a r e  shown in Figure 2. The 
ozone stream frorn the ozone generator ( O G )  is s p l i t  and sen t  t o  two mass 
flow con t ro l l e r s  (MFC). The stream through MFC2 may e i t he r  be sent  as  
feed t o  the reactor  ( R )  o r  bypassed t o  the vent ( V )  using ~ e f l o n ( ~ )  sole-  
noid valve Vc, as was done during generator warm-up and i n i t i a l  concentra- 
t i on  adjustment. The s l i p  stream through MFC1 t o  Va is  diverted through 
Va and Vb t o  the ozone monitor (OM) fo r  feed gas concentration measurement 
o r  s en t  t o  vent. Total gas flow through the ozone generator is kept con- 
s t a n t  s ince  i t  is the sum of the  flows through the two mass flow con- 
t r o l l e r s  MFC1, and MFC2. Off gas from the reactor  is kept a t  constant 
pressure using the back pressure column ( B P C )  which doubles a s  a  crude 
ozone k i l l  un i t .  The back pressure is s u f f i c i e n t  t o  force off  gas through 
the ozone monitor when Vb is appropriately positioned. The mass flow 
con t ro l l e r s  (which see  only dry gas ) ,  the back pressure column (downstream 
of the  system) and the spectrophotometric c e l l  in the ozone monitor a r e  
the only components made of materials  other than PTFE or g lass ,  s ince  
severe decomposition of ozone by s t a i n l e s s  s t e e l  tubing was noted in pre- 
vious work ( 4 ) .  
The G I  0T5-1/2 u l t r av io l e t  lamps (American Ul t rav io le t ,  Chatham, 
N . J . )  were ra ted  a t  5-1/2 W of U V  power a t  100 hrs .  l i f e .  Lamp intensi -  
t i e s  were measured both radiometrical ly and actinometrical ly (described 
below) and were found t o  d i f f e r  considerably from those spec i f i ca t ions .  In 
the course of t h i s  wor.k, from 1 / 4  t o  3-1 /2  lamps were used in an experi- 
ment. Fractional  lamp values were obtained by using a  f o i l  shroud on the 
lamps. 
No attempt was made t o  optimize react ion conditions or  mass 
t r an s f e r  during t h i s  s t u d y .  Conditions were chosen t o  favor precise and 
accurate data co l l ec t ion  fo r  mechanistic determination. 
ANALYTICAL METHODS 
Oxidant Analysis 
Ozone i n  t h e  aqueous phase  was a n a l y z e d  by t h e  i n d i g o  method of  
Bader and Hoigne ( 2 1 , 2 2 ) ,  u s i n g  t h e  d i s u l f o n a t e  r a t h e r  than  t h e  t r i s u l -  
f o n a t e  a s  o r i g i n a l l y  d e s c r i b e d  by t h o s e  a u t h o r s .  T h i s  method ( h e r e a f t e r  
c a l l e d  t h e  H B I  method) was c a l i b r a t e d  i n  p u r i f i e d  wa te r  a g a i n s t  t h e  
i o d i ~ n e t r i c  method of Flamm ( 2 3 )  ( I I B K I n  method) and checked by U V  
absorbance  u s i n g  t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  H a r t  e t  a l .  ( 2 4 ) .  The 
i o d i m e t r i c  method was, i t s e l f ,  c a l i b r a t e d  by q u a n t i t a t i v e  i o d i n e  l i b e r a -  
t i o n  u s i n g  e x c e s s  i o d i d e  and s t a n d a r d  i o d a t e  s o l u t i o n ,  p repared  u s i n g  
d r i e d  po tass ium i o d a t e  a s  a  pr imary s t a n d a r d .  Ozone i n  t h e  g a s  phase was 
measured by U V  absorbance ,  w i t h  t h e  f a c t o r y  c a l i b r a t i o n  checked a g a i n s t  
t h e  wet methods by a b s o r b i n g  t h e  g a s  i n  r e a g e n t  s o l u t i o n  c o n t a i n e d  i n  t h e  
r e a c t o r .  
Hydrogen pe rox ide  was measured c o l o r i m e t r i c a l l y  by complexat ion 
w i t h  T i ( 1 V )  (1 'T1411  method) ( 2 5 )  o r  by t h e  method of  Masschele in  e t  a l .  
( 2 6 )  (MDL method) .  A s  ozone a p p e a r s  t o  i n t e r f e r e  n e g a t i v e l y  wi th  hydrogen 
p e r o x i d e  measurement u s i n g  t h e  TI4 method, ozone was q u i c k l y  and 
v i g o r o u s l y  s p a r g e d  from s o l u t i o n  w i t h  oxygen b e f o r e  p e r o x i d e  measurements 
were made. The MDL method was n o t  used on ozone-con ta in ing  s o l u t i o n s .  
T o t a l  o x i d a n t s  were measured i o d i m e t r i c a l l y  by t h e  method of  Flamm (231 ,  
b u t  w i t h  t h e  a d d i t i o n  of  a  s m a l l  q u a n t i t y  o f  ammonium molybdate t o  
c a t a l y z e  t h e  r e a c t i o n  wi th  p e r o x i d e s  ( B K I / M  method) .  
Organic Analysis 
Methanol and t -bucano l  were q u a n t i t a t i v e l y  measured by d i r e c t  
aqueous i n j e c t  ion  g a s  'chromatography w i  t h  f lame i o n i z a t i o n  d e t e c t  i o n ,  
us ing  e i t h e r  a  Chromosorb 102 o r  105 column. Column l e n g t h s  and tempera- 
t u r e s  were n o t  c r i t i c a l  s i n c e  o n l y  o n e  p r o d u c t  peak was d e t e c t e d  (which 
d i d  n o t  i n t e r f e r e  wi th  a n a l y s i s )  d u r i n g  t h e  e n t i r e  s t u d y .  Formaldehyde 
was de te rmined  u s i n g  t h e  chromot rop ic  a c i d  method of  Houle,  e t  a l .  ( 2 7 ) .  
Formic a c i d  a n a l y s i s  was by t h e  method of  Bethge and Lindst rom ( 2 8 )  in 
which the  benzyl e s t e r  is analyzed by g l c  on a  6 '  x 1/8It SP-1000 (Supelco, 
Inc . ,  Bellefonte,  PA) or FFAP column. Iden t i ty  of analyte peaks was veri-  
f i ed  by GC/MS. 
UV Lamp In tens i ty  
Ul t raviole t  output frorn the lamps was measured by actinometry and 
rad iometry . Radiometric measurement was made u s i n g  a  model IL700A 
Research Radiometer ( Internat ional  Light, Inc . ,  Newbury port ,  Mass. ) as  a  
function of d is tance along the  lamp ( i . e .  pa r a l l e l  t o  the cy l indr ica l  
symmetry ax i s ,  of the lamp) for several  d i f fe ren t  r ad i a l  distances from 
the cen t ra l  lamp ax is ,  both w i t h  and without a  254 nm bandpass f i l t e r .  The 
in tens i ty  p rof i l e  t h u s  obtained was integrated over the surface of rota-  
t i on  t o  obtain an estimate of the t o t a l  f lux from the lamp. Measurements 
a t  three  d i f fe ren t  distances yielded an integrated value of the t o t a l  
f lux,  a f t e r  correction for  a t tenuat ion by the quartz lamp well, of 0.94 + 
0.03 W ,  which corresponds t o  1 . 4  x 10-5 Einstein/L*min a t  254 nm. 
Actinometric measurement was by the method of Parker (291, 
employing the op t ica l ly  dense actinome t e r  potassium fe r r ioxa la te .  Since 
t h i s  actinometer a l s o  responds i n  the v i s i b l e  region, the  value was 
corrected by the r a t i o  of 254 nm t o  t o t a l  radia t ion a s  measured by the 
radiometer, r esu l t ing  i n  a  value 40% higher for  the actinometric compared 
t o  the radiometric measurement. Because of t h i s  uncertainty,  the radio- 
metric values have been used i n  a l l  ca lcula t ions  because of the se lect iv-  
i t y  of the radiometer when used w i t h  the 254 nm band pass f i l t e r .  
Reagents 
A l l  chemicals were reagent grade, and were used without fur ther  
pur i f i ca t ion .  Deionized water was used in a l l  experiments. When a  buffer  
was used, i t  was made up t o  0.015 M i n  t o t a l  phosphate using e i t he r  s a l t s  
or  phosphoric acid and f reshly  prepared sodium hydroxide solut ion.  
SECTION 3 
THEORETICAL MODEL FOR THE OZONE/HYDROGEN PEROXIDE/UV SYSTEM 
The model  f o r  p h o t o l y t  i c  o z o n a t  i o n / p e r o x  i d a  t i o n  (POP) which was 
d e v e l o p e d  d u r i n g  t h i s  s t u d y  is  d e r i v e d  f r o m  a  s i m p l e r  v e r s i o n ,  p u b l i s h e d  
ea r l i e r  ( 4 , 1 6 , 1 7 ) ,  which  was b a s e d  o n  t h e  f i n d i n g  t h a t  h y d r o g e n  p e r o x i d e  
was t h e  d i r e c t  p r o d u c t  o f  o z o n e  p h o t o l y s i s  ( 4 .  T h a t  e a r l y  mode l ,  
d e s c r i b e d  i n  S e c t i o n  1 ,  was q u a l i t a t i v e  i n  n a t u r e ,  h o w e v e r ,  a n d  o n e  o b j e c -  
t i v e  o f  t h e  p r e s e n t  s t u d y  was t h e  f o r m u l a t i o n  o f  a  q u a n t i t a t i v e  mode l  
which  w o u l d  b e  u s e f u l  i n  t h e  d e s i g n  o f  t r e a t m e n t  u n i t s .  
The mechanism o f  POP is c o m p l e x  b e c a u s e  m o s t  o f  t h e  s p e c i e s  
i n v o l v e d  a re  f r e e  r a d i c a l s  a n d  t h e r e f o r e  a l m o s t  a l l  r e a c t  w i t h  o n e  
a n o t h e r .  A d d i t i o n  o f  a n  o r g a n i c  compound t o  t h e  s y s t e m  i n t r o d u c e s  a d d i -  
t i o n a l  r e a c t i o n s  by means o f  t h e  f r e e  r a d i c a l  r e a c t i o n  p r o d u c t s  o f  t h e  
p a r e n t  compound a s  well as t h o s e  o f  i n t e r m e d i a t e  b y - p r o d u c t s .  T h e  l i t e r a -  
t u r e  was s u r v e y e d  t o  l o c a t e  a s  many o f  t h e  r e a c t i o n  r a t e  c o n s t a n t s  as were 
a v a i l a b l e .  T h e s e  b i m o l e c u l a r  r a t e  c o n s t a n t s  a r e  g i v e n  i n  T a b l e  1  f o r  t h e  
o x y g e n / h y d r  o g e n  s p e c i e s  a n d  f o r  s e l e c t e d  o r g a n i c  m o l e c u l e s  a n d  r a d i c a l s .  
P r e v i o u s  s t u d i e s  ( 4 )  h a d  shown t h a t  t h e  c o m p l e t e  s y s t e m  o f  r a t e  e q u a t i o n s  
w a s  n o t  a m e n a b l e  t o  d i r e c t  s o l u t i o n ,  d u e  t o  t h e  i m p o r t a n c e  o f  terms which 
were a s m a l l  d i f f e r e n c e  b e t w e e n  two i n a c c u r a t e l y - k n o w n  l a r g e  numbers .  
However ,  c o m p a r i s o n  o f  n u m e r i c a l  v a l u e s  o f  terms i n  t h e  r a t e  e x p r e s s i o n s  
was s u f f i c i e n t  t o  a l l o w  s e l e c t i o n  o f  t h e  m o s t  i m p o r t a n t  r e a c t i o n s  f o r  
i n c l u s i o n  i n  t h e  model .  
The  i m p o r t a n t  r e a c t i o n s  were t h e n  w r i t t e n  i n  t h e  f o r m  o f  a  f l o w  
c h a r t  a n d  m a s s - b a l a n c e  e q u a t i o n s  w r i t t e n  f o r  e a c h  s p e c i e s .  T h i s  f l o w  
c h a r t  is shown i n  F i g u r e s  3 and  4  f o r  t h e  t w o  c a n d i d a t e  m e c h a n i s m s  u n d e r  
c o n s i d e r a t i o n .  F i g u r e  3 shows  C a s e  I ,  i n  w h i c h  a q u e o u s  o z o n e  p h o t o l y s i s  
p r o d u c e s  h y d r o g e n  p e r o x i d e ,  w h i c h  t h e n  d i s s o c i a t e s  a s  a  weak a c i d  w i t h  pK, 
= 11 .6  ( 3 0 ) .  The c o n j u g a t e  b a s e  o f  h y d r o g e n  p e r o x i d e  (H02-) r e a c t s  w i t h  
o z o n e  ( 3 1 )  t o  fo rm o z o n i d e  i o n  ( 0 3 - ) ,  w h i c h  p r o t o n a t e s  ( p k a  = 6 . 1 5 ,  
r e f e r e n c e  3 2 )  t o  HO3. T h a t  s p e c i e s ,  i n  t u r n ,  d e c o m p o s e s  t o  d i o x y g e n  ( 0 2 )  
a n d  h y d r o x y l  r a d i c a l  (OH), t h e  p r i m a r y  a c t i v e  s p e c i e s .  H y d r o x y l  r a d i c a l  
r e a c t s  w i t h  a l i p h a t i c  o r g a n i c  compounds ( d e n o t e d  by H R H  i n  F i g u r e s  3 
and 4 )  by abst ract ing a  hydrogen atom t o  give the organic f r ee  rad ica l  
*RH, which quickly reac t s  wi th  dioxygen t o  form the organic peroxy rad ica l  
902RH (33,34).  T h i s  r ad ica l  decomposes by both f i r s t  and second ord?r 
processes (35) .  The former yields superoxide (02-)  while the l a t t e r  pro- 
duces hydrogen peroxide by reac t  ions which a r e  not yet well understood. 
Final ly ,  superoxide reac t s  very quickly w i t h  ozone in solut ion t o  close 
the chain react ion shown i n  Figure 3. 
Figure 4 shows the flow chart  which r e s u l t s  from case 11, i n  which 
photolysis  of aqueous ozone produces two hydroxyl rad ica l s .  Since these 
radicals  react  d i rec t ly  w i t h  organic subs t ra te ,  hydrogen peroxide, i f  
present,  m u s t  be produced e i t he r  by the secondary react ions  of peroxy 
radicals  (35 ) or disproportionation of superoxide and/or H02. (36) .  The 
l a t t e r  react ion can be demonstrated on the basis  of l i t e r a t u r e  r a t e  con- 
s t a n t s  t o  be unimportant in both schemes above a  pH of about 3.7, due t o  
the rapid react ion of superoxide w i t h  ozone. That react ion is therefore 
not shown in Figures 3  or 4 which include only important reactions.  T h i s  
s impl i f i ca t ion  is necessary t o  reduce the number of var iables  in the mass 
balance equations t o  a  manageable l eve l ,  b u t  a l l  known omissions can be 
j u s t i f i e d  on the basis  of k ine t ic  arguments s imi la r  t o  those above. 
In Figures 3  and 4, and in the  equations which follow, the large  
l e t t e r s  Du, A,, AH, R represent the measurable quan t i t i es  of incoming 
ozone dose r a t e ,  accumulation r a t e s  of ozone and hydrogen peroxide, 
respect ively ,  and the react ion r a t e  of parent compound. Greek l e t t e r s  
a ,  0 ,  Y, and 6 denote the eff ic iency w i t h  which each of the s t eps  takes 
place. By t h i s  means, the competition of s i de  react ions  can be included 
without the knowledge of the spec i f i c  reactions which would be required 
for exp l i c i t  inclusion in the flow diagram. More spec i f i c a l l y ,  fl i s  the 
e f f ic iency  w i t h  which ozonide ion is converted t o  hydroxyl rad ica l ,  and B 
is the e f f ic iency  w i t h  which a l l  hydroxyl rad ica l  r e ac t s  w i t h  the organic 
compound of i n t e r e s t .  The eff ic iency of production of superoxide from 
organic rad ica l  is Y, while the extent  t o  which remaining 902RH reac t s  t o  
produce hydrogen peroxide is 6 fo r  -02RH disappearance and 6/2 for  Hz02 
product ion. Accumulation of f r ee  rad ica l  intermediates may be neglected, 
since i t  can be shown by k inet ic  considerat ions tha t  the i r  concentrations 
(and t h u s  accumulation r a t e s )  remain very low. T h i s  assumption is equiva- 
l en t  t o  the usual s teady-s ta te  approximation i n  chemical k ine t ics  (37) and 
i n  f ac t  the mass-balance re la t ionsh ips  a r e  analogous t o  the expressions 
which could be derived from the r a t e  equations using the steady-state 
approximat ion. 
The mass-balance re la t ionsh ips  may a l so  be in terpreted i n  another 
manner. Instead of representing the instantaneous r a t e s  of the various 
processes, the upper and lower case symbols may be in terpreted t o  repre- 
s en t  the extent  of react  ion, that  i s ,  the r a t e s ,  integrated from the s t a r t  
of the react ion t o  time t .  Thus, R ( t )  is j u s t  the t o t a l  arnount of s u b -  
s t r a t e  removed u p  t o  time t ,  Du( t )  the t o t a l  amount of ozone u t i l i z ed  up 
t o  time t ,  e t c .  While the reaction r a t e  in te rpre ta t ion  is useful for7 
confirmation of the proposed mechanism and in te rpre t  ing s h i f t s  from one 
mechanism to  another during the course of the react ion,  the integrated 
form is the most useful for  studying the e f f e c t  of process var iables  on 
the  eff ic iency of des t ruct ion of organic compounds. Since both forms w i l l  
be used, care  w i l l  be taken t o  dis t inguish between them in the t ex t .  
The mass balance expressions for  the species or  conjugate pai rs  03, 
+ Hz02 + H02-, HRH, and H02 02-, were writ ten i n  terms of quan t i t i es  
which were measurables in the laboratory ( cap i ta l  l e t t e r s )  , r a t e s  which 
were not d i r ec t l y  measurable (lower case l e t t e r s )  and e f f i c i enc i e s  (greek 
l e t t e r s ) .  The system of equations which resul ted was solved t o  el iminate 
the  unknown r a t e s  and obtain an expression which resembles an overal l  
destruction eff ic iency in the sense that  i t  contains the  disappearance 
r a t e  of organic compound i n  the numerator and the consumption r a t e  of 
ozone (corrected for the accumulat ion of oxidants) in the denominator. 
For case I  t h i s  expression is given by equation 10, where edl is defined 
a s  the I1destruct ion eff ic iency" for case I .  
I n s p e c t i o n  of  F i g u r e  3 r e v e a l s  t h a t  t h e r e  a r e  f o u r  mass b a l a n c e  
e q u a t i o n s  and f o u r  unknowns ( a ,  b ,  g ,  and h ) .  Thus, one  canno t  e l i m i n a t e  
a l l  o f  t h e  unknowns from t h i s  s e t  of  e q u a t i o n  u n l e s s  some a d d i t i o n a l  means 
o f  e v a l u a t i n g  one  o f  t h e  unknowns is a v a i l a b l e .  T h i s  was done by e v a l u -  
a t i n g  h  = PH, t h e  hydrogen pe rox ide  p h o t o l y s i s  r a t e ,  from s e p a r a t e  e x p e r i -  
ments,  a s  d e s c r i b e d  i n  S e c t  ion  4 .  
A s i m i l a r  f low c h a r t  f o r  Case I1 is shown i n  F i g u r e  4 .  The 
d i f f e r e n c e  between Case I1 and Case I is  t h a t  i n  Case 11, p h o t o l y s i s  o f  
aqueous  ozone is assumed t o  d i r e c t l y  produce two hydroxyl  r a d i c a l s ,  a s  i n  
t h e  g a s  phase .  The r e s u l t i n g  " e f f i c i e n c y "  e x p r e s s i o n  is g i v e n  by e q u a t i o n  
1 1 .  
E x p r e s s i o n s  s i m i l a r  t o  e q u a t i o n s  10 and 1 1  were d e r i v e d  f o r  sys tems 
i n  which d i s a p p e a r a n c e  on ly  o f  p a r e n t  compound was measured. I n  t h e s e  
i n s t a n c e s  i t  is n e c e s s a r y  t o  u s e  a  modi f i ed  model i n  which a c t i v e  s p e c i e s  
( e . g .  s u p e r o x i d e )  feedback from hydroxyl  r a d i c a l  r e a c t i o n s  w i t h  
by-produc t s  is inc luded .  T h i s  e x p r e s s i o n  is n o t  d e r i v e d  h e r e ,  but  is 
d i s c u s s e d  b r i e f l y  in  a  l a t e r  s e c t i o n .  
Wherever p o s s i b l e ,  exper iments  were d e s i g n e d  t o  permit  e s t i m a t i o n  
o f  some o f  t h e  i n d i v i d u a l  s t e p  e f f i c i e n c i e s :  a ,  B ,  Y, and 6 .  The v a l u e  o f  
t h e  q u a n t i t y  f3 is c l o s e  t o  u n i t y  e a r l y  i n  t h e  r e a c t i o n  when p r o d u c t s  have 
n o t  had t i m e  t o  accumulate .  L a t e r  i n  t h e  exper iment  i t  shou ld  have a  
v a l u e  o f  
B = k l  [ H R H ]  [OH] 
c i  k i C  C i  I CoHI 
l a t e r  i n  t h e  exper iment .  A s  l o n g  a s  t h e  c o n c e n t r a t i o n  o f  o r g a n i c  
compounds is c o n s i d e r a b l y  l a r g e r  t h a n  t h a t  o f  ozone,  t h e  C i  a r e  s imply  t h e  
c o n c e n t r a t i o n s  o f  p a r e n t  compound and o r g a n i c  r e a c t i o n  p r o d u c t s ,  s i n c e  t h e  
r a t e  c o n s t a n t  f o r  r e a c t i o n  o f  11202 wi th  OH is a b o u t  1-1/2  t o  2  o r d e r s  o f  
magnitude lower than for  reaction of O H  w i t h  organic compounds ( see  Table 
1 ) .  In addi t ion,  hydroxyl radical  r a t e  constants for  react ion w i t h  organic 
compounds tend t o  be s imilar  i n  magnitude a t  about k = l o8  - 109 M - ~  s-l. 
Therefore, a  f i r s t  approximation which is sometimes useful  is 
where [ H R H l o  is the i n i t i a l  H R H  concentration. T h i s  approximation i s  rnost 
accurate when fragmentation of the organic molecule t o  produce a  greater  
t o t a l  number of organic molecules has not occurred. In general,  the  
hydrogen abst ract ion react ions  of O H  have the  e f f e c t  of "nibbling a t  the 
edges" of a l i pha t i c  organic molecules, w i t h  fragmentation kept t o  a  
minimum. 
Other experimental conditions were picked t o  a id  evaluation of the 
model. Parent compounds were chosen which would not undergo d i r e c t  ozo- 
nolysis  reactions.  Methanol was chosen for  tha t  reason as  well a s  for  the 
f a c t  tha t  decomposition of the oxygen adduct of i ts  f r ee  radical  t o  yield 
superoxide is well known (33 ) ,  and tha t  i ts stable,  react ion products a re  
known and r e l a t i ve ly  easy t o  quant i ta te .  Thus, a  value of Y close t o  
u n i t y  is expected for methanol. Ter t iary  butyl alcohol was chosen a s  an 
example of a  compound for  which Y z o ,  since there  is no s t ruc tura l ly  
convenient way for a  proton t o  leave i ts  oxygen adduct, the peroxyl 
radical  
T h i s  f a c t  prevents the d i r e c t  formation of superoxide and allows the 
se l f - reac t ion  of i ts peroxyl radical  t o  yield hydrogen peroxide. Thus, 
the parameter Y can, t o  a  f i r s t  approximation, be derived from a  consider- 
a t i on  of the s t r u c t u r a l  proper t ies  of the molecule being t reated.  
Less is known about the ef f ic iency parameter a .  For a t o  be l e s s  
than one, e i the r  03- o r  H03 would have t o  undergo s i de  reactions w i t h  
o ther  species  present  i n  so lut ion.  There is l i t t l e  knowledge about the 
chemistry of ozonide from which t o  predict  such s i de  react ions .  Therefore, 
values of alpha were determined from the  model i n  s i t ua t i ons  where 8 and Y 
could be experi mentally well defined. 
The parameter 6 is not important f o r  molecules w i t h  l a rge  Y, such 
as  methanol. I t  becomes important f o r  molecules w i t h  srna11 Y ( i . e .  
t -butanol) ,  a s  i t  represents  the ac t ive  species  feedback cycle by regener- 
a t ing  hydrogen peroxide. T h i s  regeneration can be qui te  e f f i c i e n t ,  a s  
seen by Baxendale and Wilson (15)  and i n  e a r l i e r  s t ud i e s  ( 4 )  by the 
present invest igator .  T h i s  parameter was measured for  t-butanol using the  
simpler hydrogen peroxide photolysis  system, a s  described i n  Section 4 .  
The s t a r t i n g  point fo r  modeling oxidant photolysis was the 
express ion 
adapted from Tournier and Deglise ( 38 ) ,  where $ is the quantum yie ld  
(molecules reacted per photon absorbed), F is the f rac t ion  of incident  
photons absorbed, and I. the incident photon in tens i ty  i n  
E in s t e in s / ( l i  ter-uni t t ime) . The quanti ty F was t o  be evaluated from 
- 
a Beers law-type expression where 1 is a parameter which serves a s  an 
"e f fec t ive  path lengtht t .  The rigorous determination of F is qu i te  a d i f -  
f  i cu l t  problem, whereas the expression shown i n  equation 1 4  is a useful  
- 
empirical  r e la t ionsh ip  w i t h  some fundamental bas is ,  using 1 ,  the 
I teffective path lengtht t ,  a s  a cha r ac t e r i s t i c  parameter of the  pa r t i cu la r  
photochemical reactor .  Experimental ve r i f i c a t i on  of t h i s  expression is 
discussed in Sect ion 4 .  
SECTION 4  
RESULTS AND DISCUSSION 
DEFINITION OF SYMBOLS 
Upper C a s e  
D = d o s e  o f  a n  o x i d a n t  a p p l i e d  t o  t h e  r e a c t o r  
A = a c c u m u l a t e d  c o n c e n t r a t i o n  o f  a  s p e c i e  i n  t h e  r e a c t o r  
R = r e a c t e d  c o n c e n t r a t i o n  o f  a  s u b s t r a t e  compound 
P = p h o t o l y z e d  amount o f  a n  o x i d a n t  
I = U V  i n t e n s i t y  ( E i n s t e i n s / L - m i n )  
Lower C a s e  S u b s c r i p t s  
o = ozone  
h  = hydrogen  p e r o x i d e  
a  = a p p l i e d  d o s e  ( a p p l i e s  o n l y  t o  o z o n e )  
u  = u t i l i z e d  d o s e  ( a p p l i e s  o n l y  t o  o z o n e )  
Using  c o m b i n a t i o n s  o f  t h e  above  symbo l s ,  D u  is t h e  u t i l i z e d  ozone  
d o s e ,  i . e .  t h e  amount o f  ozone  which  was removed f rom t h e  g a s  s t r e a m ,  Ph 
was t h e  amount o f  hyd rogen  p e r o x i d e  p h o t o l y s i s ,  e t c .  The u p p e r c a s e  
symbols  may a l s o  r e p r e s e n t  r a t e s ,  i. e .  t h e  d o s e  r a t e ,  r a t e  o f  accumula-  
t i o n ,  e t c .  It  w i l l  b e  s t a t e d  i n  t h e  t e x t  w h e t h e r  t h e  r a t e  f o r m a l i s m  o r  
t h e  i n t e g r a t e d  ( c u m u l a t i v e )  form is b e i n g  u s e d .  I t  s h o u l d  be  n o t e d  t h a t  
t h e  symbol  I a l w a y s  r e p r e s e n t s  a  r a t e .  
The e x p e r i m e n t s  were d i v i d e d  i n t o  s e t s ,  a c c o r d i n g  t o  t h e  p r imary  
s u b s t r a t e :  m e t h a n o l ,  t - b u t a n o l ,  f o rma ldehyde ,  f o r m i c  a c i d ,  e t c . ,  a n d  
whe the r  t h e  p r o c e s s  u s e d  was ozone/UV, ozone/H202,  o r  H 2 0 2 / U V .  These  s e t s  
a r e  shown i n  T a b l e  2.  S u b s e t s  o f  t h e  se t s  shown i n  T a b l e  2  c o r r e s p o n d e d  
t o  b u f f e r e d ,  u n b u f f e r e d ,  d i f f e r i n g  pH v a l u e s ,  d i f f e r e n t  f e e d  g a s  f l o w  
r a t e s ,  e t c .  Al though  r u n s  were  made a t  s e v e r a l  d i f f e r e n t  pH v a l u e s ,  o n l y  
t h e  r u n s  a t  pH 4 . 3  a r e  d i s c u s s e d  i n  t h i s  s e c t i o n .  The r e a s o n  f o r  t h i s  
l i m i t a t i o n  is t h a t  i f  a  methanol  o r  t - b u t a n o l  r e a c t i o n  m i x t u r e  i s  
u n b u f f e r e d  i t s  pH t e n d s  t oward  4 .3  k 0 . 3  b e c a u s e  o f  t h e  o r g a n i c  a c i d s  
which a r e  p roduced .  Thus ,  r e a c t i o n s  begun a t  pH 4 . 3  t e n d  t o  s t a y  a t  
r e l a t i v e l y  c o n s t a n t  pH. A s  w i l l  b e  s e e n  below, t h e  p r e s e n c e  o f  b u f f e r s  
s t r o n g l y  a f f e c t s  t h e  c h e m i s t r y  o f  t h e  sys t em.  Unbuf fe red  r u n s  begun a t  
o t h e r  pH v a l u e s  changed pH d u r i n g  t h e  r u n  making m e c h a n i s t i c  d e t e r m i n a t i o n  
much more d i f f i c u l t .  I n  a d d i t i o n ,  t h e  b a s e - c a t a l y z e d  ozone  d e c o m p o s i t i o n  
(31 ) c o u l d  be  n e g l e c t e d  a t  t h i s  pH. 
F i g u r e  5 shows t h e  r e s u l t s  o f  a t y p i c a l  ozone/UV e x p e r i m e n t  u s i n g  
methanol  as  t h e  s u b s t r a t e ,  i .e .  a se t  I e x p e r i m e n t .  Ozone f l o w  t o  the 
r e a c t o r  was begun a t  t ime  t = 0. If lamps were u s e d ,  t hey  were  a l r e a d y  
warmed up  and  s t a b i l i z e d ,  as  was t h e  ozone  g e n e r a t o r ,  p r i o r  t o  g a s  f l o w  t o  
t h e  r e a c t o r .  Methanol  d i s a p p e a r a n c e  b e g i n s  i n  F i g u r e  5 a f te r  a s h o r t  
i n d u c t i o n  p e r i o d ,  and  ozone  a n d / o r  p e r o x i d e  b e g i n s  t o  a c c u m u l a t e  i n  t h e  
r e a c t o r .  E a r l y  i n  t h e  r u n ,  methanol  is t h e  ma jo r  o r g a n i c  s p e c i e s  i n  t h e  
r e a c t o r  and  mass b a l a n c e  r e l a t i o n s h i p ,  s u c h  a s  g i v e n  i n  S e c t i o n  3 ,  s h o u l d  
h o l d .  Use o f  e a r l y  d a t a  is a common p r a c t i c e  i n  k i n e t i c  s t u d i e s  t o  a v o i d  
the c o m p l e x i t i e s  i n t r o d u c e d  by p r o d u c t s  which o c c u r  l a t e r  i n  t h e  react ion .  
S i m i l a r  e x p e r i m e n t s  were r u n  u s i n g  d i f f e r e n t  UV i n t e n s i t i e s  and  ozone  d o s e  
r a t e s  t o  i d e n t i f y  optimum r e a c t i o n  c o n d i t i o n s .  A s  d e s c r i b e d  below, 
e f f i c i e n c y  e x p r e s s i o n s  d e v e l o p e d  i n  S e c t i o n  3 ( e q u a t i o n s  1 0  and  1 1 )  were  
e v a l u a t e d  i n  terms o f  t h e  measured p a r a m e t e r s  o n  t h e  o n e  hand,  as  well as 
i n  t e r m s  o f  a v a i l a b l e  i n f o r m a t i o n  o n  t h e  e f f i c i e n c y  o f  v a r i o u s  s t e p s  ( a ,  
b, Y ,  6 ,  e tc .  ) .  Thus,  t h e  l e f t -  and  r i g h t - h a n d  s i d e s  o f  e q u a t i o n s  1 0  and  
1 1  can  b e  l o o s e l y  r e g a r d e d  a s  t l e x p e r i m e n t a l u  and t t t h e o r e t i c a l t f  s i d e s .  
Agreement between t h e  r i g h t - h a n d  and  l e f t - h a n d  s i d e  o f  e q u a t i o n s  1 0  and  
1 1 ,  w r i t t e n  i n  t h e  r a t e  form, was u s e d  t o  d i s t i n g u i s h  be tween Case  I and 
Case I1 by e v a l u a t i n g  t h e  a p p r o p r i a t e  e x p r e s s i o n  f o r  ~ d .  B e f o r e  t h i s  
c o u l d  b e  done ,  however,  i t  was n e c e s s a r y  t o  d e t e r m i n e  a t  leas t  r e a s o n a b l e  
r a n g e s  f o r  some o f  t h e  p a r a m e t e r s  i n  t h e  model. 
Measurement o f  Hydrogen P e r o x i d e  P h o t o l y s i s  Rate 
One r a t e  which i s  r e q u i r e d  b u t  n o t  d i r e c t l y  m e a s u r a b l e  d u r i n g  a n  
ozone/UV e x p e r i m e n t  was t h e  p e r o x i d e  p h o t o l y s i s  r a t e ,  Ph. Aqueous s o l u -  
t i o n s  o f  hydrogen p e r o x i d e  were p h o t o l y z e d  i n  t h e  CSTPR i n  o r d e r  t o  model 
p e r o x i d e  p h o t o l y s i s  a c c o r d i n g  t o  e q u a t i o n  14 .  S e v e r a l  d i f f e r e n t  p e r o x i d e  
concentrat ions were used w i t h  four d i f f e r en t  lamp in t ens i t y  combinations: 
0 ,  1 ,  2, and 3-1/2 lamps. Peroxide concentration versus time was plot ted  
t o  obtain the r a t e  of peroxide disappearance, which was then f i t  t o  
* 
-K2C 
Rate = K 1 ( l  - 10 1 
where C is the peroxide concentration. The value of K2 which gave the 
bes t  f i t  t o  a l l  the data was determined t o  be 149.4 M - ~ .  The best K1 was 
then determined for  each lamp in tens i ty .  These values a re  given i n  
Table 3. Linear regression of these values gave a  small non-zero i n t e r -  
cept  which corresponded c losely  t o  the experimentally measured dark 
react ion r a t e  and a  slope of 0.483 x 10-4 M min-1.  Iden t i f i ca t ion  of K2 
- 
i n  equation 15 w i t h  €1 i n  equation gave an e f fec t ive  path length 1 of 7.6 
cm, using E = 19.6 M - ~  cm-l from Baxendale and Wilson (15 ) .  Similar ly ,  
$Io = K1 SO t h a t  w i t h  $ = 1 (0.5 fo r  the primary process x 2  hydroxyl 
r ad i ca l s  produced) and ignoring the dark r a t e ,  the in tens i ty  of one lamp 
was found t o  be 8.5 L (4.8 x  10-5 E / L - m i n )  = 4.08 x 1 0-4 E/min = 3.2 W .  
The data  is shown i n  Figure 6  a s  d i s c r e t e  points  while the s o l i d  
l i n e s  a r e  the curve f i t  using the above parameters. Agreement w i t h  exper- 
iment is seen t o  be good except a t  [H202] = 10-I M and lower i n t e n s i t i e s  
where higher r a t e s  a r e  observed, and fo r  two lamps below [H2021 = 3  x 
10 -4 .  These r e s u l t s  confirmed the usefulness of applying equation 1 4  fo r  . 
describing photochemical r eac t ions  and for  character iz ing photochemical 
- 
reactors  using the e f fec t ive  path length 1. They a l so  provided a  means of 
est imating the peroxide photolysis  r a t e ,  Ph, i n  the mathematical ana lys i s  
of O3/UV data. 
Hydrogen Peroxide Photolysis i n  the  Presence of t-Butanol 
Because of the s impl ic i ty  of the system, H202 photolysis  experi - 
ments wi th  oxygen sparging were used t o  obtain values of 6 f o r  empirical 
use in  the evaluation of mass balance expressions fo r  the t-butanol data. 
The react ion system is as follows: 
2 I  --+ Hz02 + other products (19 
T h i s  gives r i s e  t o  the  flow diagram and mass balance re la t ionships  shown 
i n  Figure 7 .  Since the products of t-Butanol (t-BuOH) destruction a re  not 
known, i t  is necessary t o  evaluate the parameters from data taken ear ly  i n  
the react ion,  in order t o  avoid complications introduced by  the presence 
of products. The parameter 0 is then the eff ic iency of t -BuOH des t ruct ion 
by *OH, or the f rac t ion  of * O H  produced which successfully a t t acks  t-BuOH. 
The calculated value of Y which r e s u l t s  is t h u s  an instantaneous e f f i c i -  
ency ( Y  a t  a  par t i cu la r  time, t )  rather than an average over the run ( i . e .  
Y a v e  = t - l  l O t y  d t ) .  These calcula t ions  lead t o  a  value of Y z 
0.70. Since i t  is not known how Y var ies  w i t h  react ion conditions, a  
range of Y about the calculated value was used i n  the further calcula t ions  
which follow. 
Com~uter Model of Methanol Svstems 
A few methanol experiments were run i n  which a l l  s t ab l e  products 
( i. e. methanol, formic acid  and formldehyde) were determined. Typical 
experimental r e su l t s  for  the analytes a r e  shown i n  Figure 8. The pH of 
the so lu t ion  during the run is shown in Figure 9. The pH var ia t ion i n  
t h i s  experiment is much greater  than in experiments where methanol and 
t-butanol were the major species i n i t i a l l y  present.  I t  was desi rable  t o  
model the concentration prof i l es  of the s t ab l e  products 1 )  t o  gain confi- 
dence in our model of the mechanistic pathway, 2 )  t o  t e s t  the s u i t a b i l i t y  
of l i t e r a t u r e  r a t e  constants in such a  calcula t ion,  and 3 )  t o  a l l e v i a t e  
the need t o  measure a l l  react ion products during an experimental 
run. T h i s  l a s t  point could increase great ly  the number of experiments 
which could be performed i n  a  given time. A computer simulation was used 
t o  model experimental r e s u l t s  for the system 
-OH *OH 
Methanol -----+ Formaldehyda ----- + Formic Acid 
9 
The program, used the  d i f f e r e n t i a l  mass balance equat ions  
where: M = methanol concent ra t ion  
H = hydroxyl r a d i c a l  concent ra t ion  
F  = formaldehyde concent ra t ion  
FA = formic a c i d  + formate concent ra t ion  
O = ozone concent ra t ion  
For s i m p l i c i t y ,  E u l e r l s  Method ( 3 9 ) ,  with a  time increment of 1/200 of t he  
t o t a l  run t ime,  was used t o  s t e p  through the  r e a c t i o n  s e r i e s .  L i t e r a t u r e  
va lues  (40,41 ) of  t h e  second order  r a t e  cons t an t s  were used and K3 and K q  
were broken up i n t o  the sum of r a t e  cons t an t s  f o r  formic ac id  and formate 
t imes t h e i r  r e s p e c t i v e  f r a c t i o n s  a t  t h a t  pH. To e s t ima te  t he  hydroxyl 
r a d i c a l  concen t r a t  ion,  equat ion 21 was so lved  a t  r e g u l a r  i n t e r v a l s  using 
experimental  da t a  and l i t e r a t u r e  r a t e  cons t an t s .  
The r e a c t i o n  of formate and formic a c i d  d i r e c t l y  with ozone was 
included in t h e  model; however, f o r  eva lua t ion  of R T  (d i scussed  below) i t  
was assumed t o  be n e g l i g i b l e  s i n c e  these  s p e c i e s  accounted f o r  l e s s  than 
6% of t he  t o t a l  s u b s t r a t e  concent ra t ion .  
The s imu la t ion  predic ted  the  t o t a l  s u b s t r a t e  concent ra t ion  a t  any 
time dur ing  the  run  ('igure 10)  w i t h  an e r r o r  of l e s s  than 9%.  Thus, with 
t he  computer model an es t imat ion  of t he  r e l a t i v e  s u b s t r a t e  concent ra t ions  
can be obtained by monitoring only  the methanol concen t r a t ion .  Rate 
cons t an t s  from the l i t e r a t u r e  were seen t o  model t h i s  r e a c t i o n  system 
q u i t e  s u i t a b l y .  
E v i d e n c e  S u p p o r t i n g  t h e  P roposed  Mechanism 
By r e a r r a n g i n g  t h e  mass b a l a n c e  e q u a t i o n s  d e r i v e d  from F i g u r e s  3 
and 4 ,  a p a r a m e t e r ,  ~ d ,  may be d e f i n e d  t o  be a f u n c t i o n  o f  t h e o r e t i c a l  
e f f i c i e n c i e s  and  a l s o  as  a f u n c t i o n  o f  m e a s u r a b l e  e x p e r i m e n t a l  q u a n t i t i e s .  
The two c a n d i d a t e  mechanisms g i v e  d i f f e r e n t  f o r m s  o f  c d ,  shown e a r l i e r  i n  
e q u a t i o n s  10  and 1  1 . 
and f o r  mechanism I1 
B e f o r e  t h e  pa rame te r  ~ d  may be c a l c u l a t e d  f o r  e i t h e r  mechanism t h e  
e f f i c i e n c y  a must b e  e v a l u a t e d .  From ra t e  c o n s t a n t  d a t a  t h e  v a l u e s  o f  B 
and  Y were  d e t e r m i n e d  t o  be a p p r o x i m a t e l y  1 . 0  f o r  t h e  me thano l  sys t em.  
Us ing  t h i s  a p p r o x i m a t i o n ,  a may be  s o l v e d  f o r  d i r e c t l y  by r e a r r a n g i n g  
e q u a t i o n s  1 0  and 1 1 .  For  mechanism I t h e  v a l u e  o f  a f o l l o w s  a smooth 
c u r v e  t h r o u g h o u t  t h e  r u n ,  and r a n g e s  f rom 0.87 t o  0.51 ( F i g u r e  1 1  ). Calcu-  
l a t e d  v a l u e s  f o r  mechanism I1 were, i n  most  c a s e s ,  n e g a t i v e ,  h a v i n g  a n  
a v e r a g e  o f  -0.24 and a s t a n d a r d  d e v i a t i o n  o f  0 .54 .  A n e g a t i v e  v a l u e  o f  
a l p h a  h a s  no  p h y s i c a l  s i g n i f i c a n c e ,  s o  t h a t  s u b s e q u e n t  d a t a  was e v a l u a t e d  
f o r  c a s e  I1 u s i n g  a r a n g e  o f  v a l u e s  o f  a which is more r e a s o n a b l e  i n  l i g h t  
o f  t h e  r e a c t i o n  sequence .  P u t  a n o t h e r  way, f o r  t h e  same r e a c t i o n  s o l u t i o n  
c o n d i t i o n s  t h e r e  is no r e a s o n  t o  e x p e c t  a t o  v a r y  w i d e l y  w i t h  s u b s t r a t e  
i d e n t i t y .  
The f a i l u r e  o f  a t o  be  we l l -behaved  f o r  c a s e  I1 is,  however,  
a l r e a d y  a n  i n d i c a t i o n  o f  t h e  i n a p p r o p r i a t e n e s s  o f  t h a t  r e a c t  i o n  scheme. I t  
r e m a i n s  t o  be d e m o n s t r a t e d  t h a t  c a s e  I is a p p r o p r i a t e .  Va lues  o f  t h e  
p a r a m e t e r  ~ d  were c a l c u l a t e d  f o r  b o t h  mechanisms u s i n g  e x p e r i m e n t a l  d a t a ,  
v a l u e s  o f  a l p h a ,  f 3 ,  and  Y d e r i v e d  a s  e x p l a i n e d  above ,  and  t h e  f o l l o w i n g  
e x p r e s s  i o n s  : 
where s u b s c r i p t  P i n d i c a t e s  p a r e n t  compound v a l u e .  These  e x p r e s s i o n s  were 
d e r i v e d  e x a c t l y  a s  were e q u a t i o n s  1 0  and 1 1 ,  b u t  R p  r e f e r s  o n l y  t o  p a r e n t  
compound. T h i s  was n e c e s s a r y  because  i t  was d e s i r a b l e  t o  a n a l y z e  
t - b u t a n o l  d a t a  u s i n g  t h e  same e x p r e s s i o n .  S i n c e  no p r o d u c t  d a t a  is 
a v a i l a b l e  f o r  t - b u t a n o l ,  R T  canno t  be c a l c u l a t e d  a s  i t  was f o r  methanol.  
Thus, an a d d i t i o n a l  pathway wi th  e f f i c i e n c y  (1 - B ) Q  must be added t o  
i n c l u d e  a c t i v e  s p e c i e s  feedback i n  t h e  form of  s u p e r o x i d e  produced by 
r e a c t i o n  o f  hydroxyl  r a d i c a l  wi th  p r o d u c t s  o t h e r  t h a n  p a r e n t  compound. 
For t h e s e  e x p r e s s i o n s  t o  be v a l i d  i n  t h i s  a p p l i c a t i o n ,  B  must r e f e r  on ly  
t o  p a r e n t  compound. The approx imat ion  f o r  8 g i v e n  i n  e q u a t i o n  1 3  was 
used.  
Measurable  p r o p e r t i e s  and e f f i c i e n c i e s  have been s e p a r a t e d  t o  t h e  
g r e a t e s t  e x t e n t  p o s s i b l e  i n  e q u a t i o n s  28 and 29, s o  t h a t  t h e  l e f t - h a n d  
s i d e  r e p r e s e n t s  a  s o r t  o f  I1experimentall1 q u a n t i t y  w h i l e  t h e  r i g h t - h a n d  
s i d e  can be c o n s i d e r e d  a  M t h e o r e t i c a l l l  v a l u e .  The " t h e o r e t i c a l 1 '  and 
"exper imenta l "  v a l u e s  o f  cdp f o r  t h e  two mechanisms were c a l c u l a t e d  f o r  
l a b o r a t o r y  d a t a  f o r  b o t h  t e r t i a r y  b u t a n o l  and methanol,  and a r e  summarized 
i n  Table  4 .  The r e s u l t s  i n d i c a t e  t h a t  mechanism I is t h e  more a c c u r a t e  
r e p r e s e n t a t i o n  o f  t h e  l a b o r a t o r y  d a t a ,  wi th  a l l  b u t  one  e x p e r i m e n t a l  E~~~ 
b e i n g  w i t h i n  t h e  m e c h a n i s t i c a l l y  p r e d i c t e d  r a n g e .  Exper imenta l  v a l u e s  of 
cdl f a l l  towards  t h e  lower end o f  t h e  t h e o r e t i c a l  r ange  i n d i c a t i n g  t h a t  
t h e  i n i t i a l  v a l u e s  o f  1  . 0  assumed f o r  B and Y when c a l c u l a t i n g  a l p h a  a r e  
p robab ly  n o t  q u i t e  c o r r e c t  and shou ld  be s l i g h t l y  l e s s .  T h e o r e t i c a l  v a l u e s  
of ~ d  g i v e n  by mechanism I1 a r e  a b o u t  1 . 5  t o  6 t i m e s  t h e  e x p e r i m e n t a l l y  
o b t a i n e d  r e s u l t s .  
Oxidation Efficiency 
Ozone Utilization Efficiency. B y  measuring the  methanol concentra- 
t i o n  and us ing  the  computer s imula t ion  t o  e s t ima te  the  concent ra t ions  of 
formaldehyde, formic a c i d ,  and formate f o r  an experiment,  an eva lua t ion  of 
t h e  ozone u t i l i z a t i o n  e f f i c i e n c y ,  (RT/DU),, can be made. R T  is he re  
defined a s  t he  molar concent ra t ion  of o rgan ic  s u b s t r a t e  t h a t  has r eac t ed  
with hydroxyl r a d i c a l .  For example, one mole of methanol r e a c t s  t o  make 
one mole of formaldehyde, which makes one m l e  of formic acid/formate 
which i n  t u r n  forms one mole of carbon d ioxide .  When a l l  organic  sub- 
s t r a t e  has  oxid ized ,  in t h i s  example, R T  would be t h r e e  moles. The 
u t i l i z e d  ozone dose r a t e ,  Du, is then numerical ly  i n t e g r a t e d  t o  give t h e  
cumulative u t i l i z e d  ozone dose. Thus ( R T / D U ) ,  is the  e f f i c i e n c y  with 
which s u b s t r a t e  molecules a r e .des t royed  by ozone, on a mle-to-mole bas i s .  
This  e f f i c i e n c y  can be eva lua ted  a t  any degree of conversion of parent  
compound by eva lua t ing  the  t o t a l  amount of organic  s p e c i e s  remaining a t  
t h a t  po in t ,  and i n t e g r a t i n g  Du from t = 0 t o  t h e  corresponding time. 
For methanol, the  pH-buffered systems give t h e  r a t i o  ( R T / D U ) ,  of 
approximately 1 on a  molar b a s i s  a s  the  normalized parent  s u b s t r a t e  con- 
c e n t r a t i o n ,  C/Co, approaches zero  a s  shown in  Figure 12a. However, f o r  
unbuffered methanol s o l u t i o n s ,  (RT/DUlC a s  a  func t ion  of C/Co has t he  form 
shown in Figure 12b and increases  t o  a  va lue  g r e a t e r  than uni ty  i n  some 
cases .  A s  a  func t ion  of t h e  number of U V  lamps, (RT/DUlC eva lua ted  a t  
C/Co = 0.5 shows t h e  r e l a t i o n s h i p  given in  Figure 13. For unbuffered 
s o l u t i o n s  ( R T / D u c )  is a  smooth curve which appears  t o  have a  minimum, then 
inc reases  a s  t he  number of UV lamps i s  increased.  The pH buffered  so lu-  
t i o n  shows a  maximum u t i l i z e d  ozone e f f i c i e n c y  a t  about one lamp. 
An examination of mechanism I (F igure  3 )  shows t h a t  pho to lys i s  of 
ozone produces hydrogen peroxide, some of which in  t u r n  can be photolyzed 
t o  produce two hydroxyl r a d i c a l s .  A s  the  number of U V  lamps is increased,  
t h e  maximum e f f i c i e n c y  ( R T / D U ) ,  would t h e o r e t i c a l l y  approach 2  . O .  
Mechanism I1 p r e d i c t s  t h a t  - 2 hydroxyl r a d i c a l s  a r e  produced d i r e c t l y  from 
the  pho to lys i s  of an ozone molecule,  g iv ing  t h e  same l i m i t i n g  ( R T / D , ) ~  a s  
mechanism I .  
By examining Figure 1 4 ,  a  comparison of ozone concent ra t ions  in  
aqueous s o l u t i o n  f o r  buf fered  and unbuffered systems shows a  higher  ozone 
concent ra t ion  f o r  buf fered  systems when g r e a t e r  than th ree -qua r t e r s  of a  
lamp was used. This  is caused by a  decrease  in  t he  demand f o r  ozone by 
t h e  r e a c t i o n  s e r i e s  (F igu re  3 )  but  is not c u r r e n t l y  wel l  understood. 
In Figure 15 the maximum hydrogen peroxide concent ra t ion  a s  a  
func t ion  of t he  number of U V  lamps is shown. The hydrogen peroxide con- 
c e n t r a t  ions in  the  buf fered  s o l u t i o n s  a r e  markedly lower even though, 
according t o  Beer ' s  Law, ozone should photolyze t o  hydrogen peroxide 
(mechanism I )  a t  an equal  o r  f a s t e r  r a t e  than is seen in  the  unbuffered 
system. This  i n d i c a t e s  t h a t  s i d e  r e a c t i o n s  of hydrogen peroxide and/or 
hydroxyl r a d i c a l  a r e  p re sen t  in  buf fered  s o l u t i o n .  Two r e a c t i o n s  which 
a r e  known (42 ,18 )  t o  occur a r e  
and 
In a d d i t i o n ,  phosphate r a d i c a l  ion  (HP04-) r e a c t s  w i t h  o rganic  compounds, 
with t y p i c a l  second-order r a t e  cons t an t s  i n  t he  range of 107 - lo8 M - ~  s-l  
( 18 )  compared t o k 2 3 =  2 . 2 ~ 1 0 ~  (42)  a n d k 2 4 =  2.7 x 1 0 7  (18 ) .  Thus, a  
s i g n i f i c a n t  po r t ion  of phosphate r a d i c a l  ion may r e a c t  with organic  com- 
pound wi th  no g r e a t  e f f e c t  on 13.  However, consumption of phosphate r a d i -  
c a l s  by equat ion 25 would be expected t o  lower the  o v e r a l l  e f f i c i e n c y  of 
t h e  process .  Thus, the poin t  in Figure 13  a t  which t h e  e f f i c i e n c y  f a l l s  
o f f  in  buf fered  s o l u t i o n s  may be the  poin t  a t  which so  much ozone is 
photolyzed t h a t  not enough is l e f t  t o  r e a c t  with superoxide which is pro- 
duced by equat ion  25 followed by d i s s o c i a t i o n  of H02: 
So f a r  a  consistent  in te rpre ta t ion  of the data fo r  phosphate 
buffered systems shown in Figures 12-1 4 has not been found. Research is  
underway ( 4 2 )  t o  bet ter  understand the important e f f ec t  which added solu- 
t e s  may have on the eff ic iency of f ree  rad ica l  processes. 
Capture Efficiency. Consideration of the destruction eff ic iency 
based on the  u t i l i z ed  ozone dose ( R T / D u )  is useful  fo r  mechanistic consid- 
e ra t ions ;  however, the amount of ozone u t i l i z e d  by the reaction and the 
amount applied t o  the reactor a re  not the  same. The r a t i o  of the u t i l i z ed  
ozone dose ( t h a t  removed from the gas stream) t o  the applied ozone dose 
( t o t a l  ozone bubbled through the r e a c t o r ) ,  Du/Da, is a measure of the 
percentage of ozone "capturedtt by  the react ion system and is t h u s  ca l l ed  
the capture eff ic iency.  Both the buffered and unbuffered systems show an 
increase i n  the capture eff ic iency a s  the number of U V  lamps is increased 
(Figure 16 ). A comparison of the capture e f f ic iency  for the two types of 
so lu t ions  shows that  unbuffered so lu t ions  have a  higher ozone reaction 
r a t e  when more than 3/4 of a  lamp is used. Since ozone photolysis ,  
r eac t  ion w i t h  formic acid/formate, and reac t  ion w i t h  superoxide a re  the 
major ozone-consuming reactions i n  t h i s  system, i t  is c lear  tha t  the pres- 
ence of the buffer  causes de f in i t e  enhancement/inhibition e f f e c t s  on one 
or more of these reactions.  Both curves extrapolate t o  very low values of 
Du/Da, indicating that  the solut ions  would absorb very l i t t l e  ozone i n  the 
absence of U V  i r rad ia t ion .  
A s  would be expected from a  mass t rans fe r  viewpoint, an increase i n  
the impeller speed t o  750 rpm was seen t o  increase the capture e f f ic iency ;  
however, as  the ozone feed flow r a t e  increases,  the  capture eff ic iency 
decreases. T h i s  is probably because an increase in the ozone mass 
t rans fe r  a t t r i bu t ab l e  t o  increased gas-liquid contact area is o f f s e t  b y  a  
shorter  contact  time, so  that  a  gas llfloodinglt condition ex i s t s ,  coupled 
w i t h  the  fac t  tha t  the system appears t o  be react ion ra te- l imi ted.  
Applied Ozone Efficiency. From an economic perspective, the 
applied ozone eff ic iency,  (RT/Dalc, is an important parameter. It is the 
t o t a l  amunt  of subst ra te  disappearance divided by the applied ozone dose. 
While no attempt was made during the mechanistic s t u d y  t o  operate under 
optimum condi t ions  fo r  mass t r a n s f e r ,  the i d e n t i f i c a t i o n  of f a c t o r s  which 
a r e  important in  determining optimum condi t ions  is an important par t  of 
t h i s  s tudy.  
The ( R T / D , ) ~  curves fo r  both systems, Figure 17 ,  resemble the  
( R T / D U ) ,  curves in  Figure 1 2 .  For a  buffered  system i t  would be des i r ab le  
t o  opera te  a t  t he  maximum ( R T / D a ) ,  t o  achieve the  most organic  oxida t ion  
f o r  the amount of ozone input  t o  the  r e a c t o r .  For an unbuffered system a 
d e t a i l e d  economic a n a l y s i s  would be requi red  t o  determine the  optimum 
opera t ing  cond i t ions ,  s i n c e  a t  very h igh  U V  i n t e n s i t i e s  the system 
approaches the H202/UV system. Both buffered and unbuffered systems 
should t h e o r e t i c a l l y  approach the l i m i t i n g  value of 2.0 a s  the  number of 
lamps is increased.  
C h a r a c t e r i s t i c  S u b s t r a t e  Reduction T i m e  
The t ime,  - r (n) ,  required t o  reduce s u b s t r a t e  concent ra t ion  t o  e-" 
t imes i t s  i n i t i a l  va lue  is def ined  a s  t h e  c h a r a c t e r i s t i c  s u b s t r a t e  reduc- 
t i o n  time. In a  p r a c t i c a l  sense t h i s  parameter is r e l a t e d  t o  r eac to r  
s i z i n g  and thus t o  c a p i t a l  c o s t  f o r  a  t reatment  process.  For a  f i r s t  
order  r e a c t i o n  
so t h a t  a t  C/Co  = e-1, t = ~ ( 1 )  = k - I .  For r e a c t i o n s  which a r e  not f i r s t  
o rde r ,  T has l e s s  fundamental s i g n i f i c a n c e  but is  s t i l l  of i n t e r e s t .  In 
unbuffered systems t h i s  time decreased smoothly a s  t h e  number of U V  lamps 
was increased  (Figure  18 ). However, f o r  buffered systems t h e  charac ter  is- 
t i c  t ime shows a  minimum. This would be expected from examination of the 
curves of R T / D u  (F igure  12)  and R T / D a  (F igure  17 )  f o r  buffered s o l u t i o n s ,  
and can be explained by t h e  reduct ion  of ozone u t i l i z a t i o n  e f f i c i e n c y  due 
t o  s i d e  r e a c t i o n s  a s  mentioned in previous sec t ions .  
S E C T I O N  5 
SUMMARY AND C O N C L U S I O N S  
It h a s  been  d e m o n s t r a t e d  t h a t  t h e  m e c h a n i s t i c  model d e p i c t e d  i n  
F i g u r e  3 is u s e f u l  f o r  d e s c r i b i n g  t h e  complex p h o t o l y t i c  o z o n a t i o n  
r e a c t i o n  s y s t e m .  I n  t h i s  model ,  ozone  p a r t i c i p a t e s  ma in ly  i n  t h r e e  
r e a c t i o n s  : 
1 .  D i r e c t  r e a c t i o n  w i t h  o r g a n i c  s o l u t e s  
2 .  P h o t o c h e m i c a l  c o n v e r s  i o n  t o  hyd rogen  p e r o x i d e  
3. R e a c t i o n  w i t h  s u p e r o x i d e  g e n e r a t e d  i n  s o l u t i o n  by 
s e c o n d a r y  r e a c t  i o n s  
Hydroxyl  r a d i c a l s  a r e  p roduced  by t h e  r e a c t i o n  3 a s  well as f rom 
p h o t o l y s i s  o f  t h e  hydrogen  p e r o x i d e  p roduced  by r e a c t i o n  2 .  These  
h y d r o x y l  r a d i c a l s  r e a c t  w i t h  o r g a n i c  compound t o  p roduce  o r g a n i c  r a d i c a l s  
which  i n  t u r n  r e a c t  q u i c k l y  w i t h  oxygen t o  p r o d u c e  o r g a n i c  p e r o x y  r a d i -  
c a l s .  T h e s e  pe roxy  r a d i c a l s  c a u s e  f e e d b a c k  o f  a c t i v e  s p e c i e s  i n t o  a  
c y c l i c  r e a c t i o n  s y s t e m  e i t h e r  by decomposing  t o  y i e l d  s u p e r o x i d e  and a  
s t a b l e  o r g a n i c  m o l e c u l e ,  o r  by r e a c t i n g  t h r o u g h  c o m p l i c a t e d  r e a c t i o n s  t o  
y i e l d  hyd rogen  p e r o x i d e .  S u p e r o x i d e  t h e n  " a c t i v a t e s "  incoming ozone  
t h r o u g h  r e a c t i o n  3 above .  
The s t r e n g t h  o f  t h i s  r e a c t i o n  s y s t e m  as  a  t r e a t m e n t  p r o c e s s  r e s u l t s  
from two  c h a r a c t e r i s t i c s :  
1 ) The h y d r o x y l  r a d i c a l  formed can  c o n v e r t  v i r t u a l l y  any 
o r g a n i c  compound t o  c a r b o n  d i o x i d e  and w a t e r .  
2 )  The r e a c t i o n  s y s t e m  is e x t r e m e l y  v e r s a t i l e  i n  t h a t  t h e r e  
are s e v e r a l  r e a c t i o n  pa thways  which c a n  b e  f o l l o w e d ,  
depend ing  o n  s o l u t i o n  c o n d i t i o n s .  
A s  a n  example  o f  2 above ,  i f  s u p e r o x i d e  is n o t  formed from t h e  compounds 
wh ich  are p r e s e n t  i n  s o l u t i o n ,  hyd rogen  p e r o x i d e  w i l l  a c c u m u l a t e  u n t i l  i t s  
p h o t o l y s i s  p r o d u c e s  enough h y d r o x y l  r a d i c a l  f o r  t h e  r e a c t i o n  t o  p r o c e e d .  
A s  smaller m o l e c u l e s  a r e  p r o d u c e d ,  s u p e r o x i d e  p r o d u c t i o n  w i l l  r esume.  
F i g u r e  3 shows t h a t  t h e r e  are a t  l e a s t  t h r e e  d i f f e r e n t  r e a c t i o n s  which 
p r o d u c e  h y d r o x y l  r a d i c a l  and  a t  least  two r e a c t i o n s  which  g i v e  a c t i v e  
species  feedback to  the cycle a f t e r  organic compound is at tacked.  Because 
of t h i s  v e r s a t i l i t y ,  the 03/UV and H202/UV systems a re  not equivalent, 
even though ozone photolysis  produced hydrogen peroxide. 
It can be seen from t h i s  study that  ~fautodecompositionff of ozone i n  
solut ion can only a id  organic removal. Despite ea r ly  publications (43) 
which pointed out t h i s  f a c t ,  there s t i l l  e x i s t s  a  widespread misconception 
that  wdecomposed ozone is  10s t ozoneff. 
The photochemical react ion model presented in equation 1 4  was shown 
t o  describe hydrogen peroxide photolysis adequately, allowing predict  ion 
of the react ion r a t e  from knowledge of peroxide concentration i n  solut ion,  
the quantum yie ld  of the reac t  ion, and the number of lamps being used. I t  
remains t o  calcula te  ozone photolysis r a t e s  from the mechanistic model 
and, by comparison w i t h  the photochemical reactor  model, determine whether 
ozone photolysis r a t e s  a re  predictable by t h i s  same model. This cannot be 
done d i r ec t l y  a s  i t  was for  peroxide because s i d e  react ions  cannot be 
eliminated experimentally without causing other chain react ions .  
Most importantly, the mechanistic model can be used t o  determine 
optimum conditions -for photolytic ozonation, based on cumulative destruc- 
t ion e f f i c i enc i e s ,  discussed i n  Sect ion 4 .  The data from the conditions 
giving the  highest  value of (RT/DU), can be analyzed using the model t o  
determine which par t s  of the reaction sequence were of most importance. I n  
many cases the trade-off between react ion eff ic iency (which for  a t r e a t -  
ment process t r ans l a t e s  d i r ec t l y  in to  ozone generating capab i l i ty )  and 
speed of react ion ( reactor  s i z e ,  number of s tages ,  e t c . )  w i l l  require 
in terfacing of the mechanistic model w i t h  an econornic analysis  of the 
process. I t  was seen that  so lu te  e f f ec t s  such a s  those introduced by the 
presence of a  pH buffer in the laboratory or perhaps na tura l ly  present i n  
ground water can strongly a l t e r  the chemistry and eff ic iency of the 
process. More s t u d y  is needed i n  order t o  understand these so lu te  e f f e c t s  
i n  the complicated ozone/UV system. 
Final ly ,  means need t o  be developed t o  extend these concepts t o  
more con~plicated molecules and mixtures. Toward t h i s  end, a  bet ter  under- 
standing of the degradation pathways of organic molecules in hydroxyl 
radical  systems is needed. 
Future Work 
The e f f ec t  of added solutes  on the eff ic iency of hydroxyl radical  
react ions  is current ly  under study in t h i s  laboratory (421, as  is the 
appl icat ion of the mechanistic model t o  two more complex organic molecu- 
l e s ,  d ie thy l  malonate and d ie thy l  phthalate ( 4 4 ) .  Assembly of a Mobile 
Oxidation P i l o t  Plant ( M O P P )  is scheduled t o  begin soon in order t o  
evaluate photolytic ozonation and the concepts developed during the 
present s t u d y  on "real-world" waters a t  the f i e l d  scale .  
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F i g u r e  1. P r o t o t y p e  mechanism f r o m  Peyton and Glaze ( 1 7 ) .  




H202 PHOTOLYSIS RATE, MOL* L"MIN-I 
assumed 100% e f f i c i e n c y  
assuming B = 1 l e a d s  t o  
Y =  + 1 
F i  gure 7. Flow d i  agram f o r  hydrogen peroxi de photolysi s 
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Figure 11. Variation of efficiency parameter, a ,  
during the cal i brati on run. 
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F i g u r e  16. Ozone c a p t u r e  e f f i c i e n c y  . 
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F i g u r e  18. C h a r a c t e r i s t i c  s u b s t r a t e  r e d u c t i o n  
t ime,  ~ ( l ) ,  as a  f u n c t i o n  o f  UV i n t e n s i t y .  
